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論 文 内 容 要 旨          
I. Context and strategy 
Driving on ice is a delicate exercise due to the 
poor adherence of tire on ice and the tightly 
regulated use of studded tires, such as in France, or 
the forbidden use in many countries, such as in Japan. 
In this context of road safety improvement under 
severe climatic conditions, it is necessary to precisely 
study the sliding contact between rubber and ice and 
to determine the different key mechanisms 
governing the tribological behavior of the rubber-ice 
contact. 
The strategy chosen in this work, and 
illustrated in Figure 1, is to investigate the 
rubber-ice contact at different scales–macrometric 
(scale of apparent surface contact) via the use of a tribometer and micrometric via the use of a Surface Force Apparatus – 
in order to link the physical process of friction and adhesion observed at the macrometric scale to their potential causes 
induced at subscale. 
Figure 1 Representation of the two experimental approaches 
considered from the real case of the tire on ice (the top). On the left, 
the study of the rubber ice-friction and contact behavior during 
sliding for similar conditions to real case. On the right, the study of 
the rubber-ice interface. 
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II. Contact mechanics and viscoelasticity of the rubber-ice interface 
A Surface Force Apparatus (SFA) based system 
(see Figure 2), developed in Kurihara Laboratory [1, 
2], was used to measure rubber-ice interactions 
under negative temperature condition for thin rubber 
layer (few dozen of µm). Rubber films with and 
without fillers (silica particles and carbon black) 
were used for the measurement.  Surface roughness 
of the rubber with fillers was ca. 120 nm, which was 
much greater than that of the unfilled rubber film (< 
5 nm). 
Contact mechanics measurements were first 
performed for loads up to 40 mN for unfilled and 
filled rubbers. The growth of the rubber-ice contact clearly depended on these bumps on the rubber surface. Unfilled 
rubbers had a regular elliptical contact while filled rubbers had an irregular shape depending on the presence of bumps. 
Unfilled rubbers in contact with the ice surface presented a contact growth conformed to the JKR theory 
(Johnson-Kendall-Roberts theory). However, the rubber-ice interface presented heterogeneous adhesion work from one 
contact position to another one in the range 0 to 50 mJ.m-2. An increase of the adhesion work was also observed between 
the first and the second iteration of the contact mechanics measurement on the same position which was associated to 
material transfer between the two materials such as ice to the rubber surface. The contact mechanics measurements were 
also performed with filled rubbers and presents a non-conformity to the JKR theory for the applied loads below 20 mN. 
Indeed, the contact between the rubber and ice was favored on the top of the bumps and these bumps had a larger rigidity 
than the surrounding elastomer matrix, almost two order of magnitude. Once enough compressed, the contact growth 
became consistent with the JKR theory and adhesion works measured were almost 30 mJ.m-2 which corresponded to the 
one measured for unfilled rubbers. 
Resonance shear measurements were performed for the several filled rubbers presenting different viscoelastic 
properties: dissipative factor and shear modulus. These resonance shear measurements enabled to measure the 
viscoelastic properties of the rubber-ice interface as a function of the applied load. For a large applied load, almost 86 mN, 
the viscoelastic properties of the interface were nearly consistence with the bulk properties determined by the dynamic 
Figure 2 A Schematic drawing of the low-temperature SFA. The 
vertical displacement of the lower unit is controlled by a pulse 
motor and the displacement of the ice holder is monitored by an 
interferometer. The cooling function is performed by a liquid 
cooling system and a Peltier cell. The contact area is measured 
through the thin rubber sample with a microscope located on top 
of the SFA. 
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mechanical analysis (DMA) measurements. However, for applied loads below 10 mN, the resonance shear 
measurements gave larger dissipative factor and shear modulus than the dynamic mechanical analysis which might be 
related to hysteresis phenomenon caused by fillers such as the Payne and Mullins effects and/or interface sliding.  
Indeed, below 10 mN, the presence of rubber fillers were preponderant within the rubber-ice contact. 
III. Friction of the rubber-ice sliding interface and real-time contact evolution 
In parallel, the KŌRI tribometer, developed in LTDS [3], 
was used to perform rubber-ice friction experiments under 
controlled cold environment (temperature and humidity rate). An 
ice manufacturing unit was also designed to produce a repeatable 
transparent vertically grown ice disc. The ice transparency makes 
it possible to investigate the evolution of the rubber-ice contact 
during sliding but also to perform contact mechanics 
measurements (see Figure 3). 
Contact mechanics measurement performed with filled 
rubber-ice interfaces highlighted consistency with the JKR 
theory and an adhesion work of almost 30 mJ.m-2 during loading 
phase as observed with the Surface Force Apparatus. However, 
after sliding experiments with a same rubber-ice interface, 
adhesion work was one magnitude order larger than before sliding. 
Contact visualization makes it possible to observe an ice surface ploughing phenomenon, associated to the presence of 
filler such as silica or carbon black on the rubber surface, and leads to a large ice surface modifications. 
Rubber-ice contact also exhibited a dependence on the temperature and sliding velocity parameters. At -2.5°C, 
the contact shape was elliptical and the contact area was almost constant and close to the static value measured during 
contact mechanics measurement regardless of the sliding velocity. At -10°C, the contact area and shape depended on the 
sliding velocity. For sliding velocity below 1 mm.s-1 and above 100 mm.s-1, contact area was close to the static value and 
the contact shape was elliptical. However, between 1 mm.s-1 and 10 mm.s-1, the contact area dropped and the contact 
shape deformed. This observation may be associated to the large shear stress increase observed for these sliding 
velocity-temperature conditions. 
The friction and interfacial shear stress behavior was analyzed at the macrometric scale from µm.s-1 to m.s-1 via two 
Figure 3 Rubber and ice samples in test 
conditions. The rubber sample is in contact with 
the transparent ice. The schematic illustrates the 
contact between the rubber sample and the ice 
track and the two main curvature radii  and 
of the rubber barrel. 
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protocols for various rubber mechanical properties. First protocol makes it possible to estimate the interfacial shear stress 
by measuring the contact area and the friction force simultaneously at -2.5°C and -10°C. Two sliding regimes were 
observed. A ‘low’ velocity regime, below 100 mm.s-1, where the ranking of rubber interfacial shear stress was in 
agreement with their viscoelastic properties, the lower the glassy transition temperature Tg, the higher the interfacial 
shear stress. A ‘high’ velocity regime, above 100 mm.s-1, where there was no agreement between interfacial shear stress 
and viscoelastic properties. Second protocol makes it possible to highlight the variability of ice friction measurement 
between day-to-day manufactured ices and the effect of the sliding of the rubber-ice interface wear such as ice ploughing 
from -15°C to -2.5°C. The rubber-ice friction presents the characteristic bell-shaped curve observed usually for rubbers 
regardless of the temperature. 
IV. Rubber-ice friction mechanisms 
Rubber-ice friction measurements showed consistency with the William-Landel-Ferry theory for sliding 
velocity below 100 mm.s-1 especially for burn-in rubber-ice interface. The friction measurement showed only partial 
consistency for fresh rubber-ice interface and no more consistency for worn-in rubber-ice interface. This was associated 
to the variability of the friction measurements for fresh rubber-ice interface and to the rubber-ice interface wear such as 
ice ploughing for worn-in rubber-ice interface. Friction measurement performed at -2.5°C, close to the melting 
temperature of the ice, never showed consistency with the theory. This observation was associated to the hypothesis of a 
quasi-liquid layer on the ice surface appearing for temperature close to the melting temperature of the ice. The 
consistency of friction measurements below 100 mm.s-1 for temperatures far below the ice melting temperature 
suggested that viscoelastic friction arise for these sliding velocity-temperature conditions. 
Contact temperature modelling exhibited that the sliding velocity of 100 mm.s-1 corresponds to the ice surface 
reaching the melting temperature within the rubber-ice contact regardless of the environment temperature. The 
calculation of the dimensionless temperature contact , where  is the contact temperature,  
is the melting temperature of the ice and  is the environmental temperature, exhibited a single master-curve 
regardless of the environment temperature and the sliding velocity for each variant of filled rubber. This master-curve 
allows to estimate  a function of the sliding velocity, the melting temperature of the ice and viscoelastic properties of 
the rubber regardless of the environment temperature. Therefore, it makes it possible to estimate the interfacial shear 
stress as a function of the environment temperature, the ice melting temperature, the rubber-ice contact size, the sliding 
velocity and the  function. Estimated interfacial shear stress for each filled rubber were consistent with the 
William-Landel-Ferry theory far below the ice melting temperature and below 100 mm.s-1 and was also consistent in 
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average with the observation that the lower the Tg, the higher the interfacial shear stress. In addition, the  function was 
showed to be the same even when large variations of interfacial shear stress for a same rubber, which may be associated 
to ice variability, between different manufactured ices was observed. 
V. Summary 
Mechanisms arising within the rubber-ice interface depend on the occurrence on the melting of the ice surface. In 
absence of ice surface melting, rubber-ice interface viscoelasticity is dominated by the rubber properties which governs 
the friction. However, the predominance of the rubber viscoelastic properties disappears when the ice surface is melting. 
Strikingly, the melting of the ice surface is independent of the environment temperature and depends on the sliding 
velocity as well as the rubber and ice thermal properties, the contact geometry and viscoelastic properties of the rubber. 
The existence of a dimensionless contact temperature master-curve  was also highlighted. This allowed to give an 
expression of the rubber-ice interfacial shear stress depending on the ice properties, the function , the environment and 
melting temperature, the sliding velocity and the contact size. In addition, ice surface ploughing by silica and carbon 
black agglomerates located on the rubber surface was highlighted. 
References 
[1]  C. D. Dushkin and K. Kurihara, Nanotribology of thin liquid-crystal films studied by the shear force resonance 
method, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 1997, 129-130, pp. 131-139. 
[2]  F. Lecadre, M. Kasuya, A. Harano, Y. Kanno, and K. Kurihara, Low-temperature surface forces apparatus to 
determine the interactions between ice and silica surfaces, Langmuir, 2018, 34, pp. 11311-11315. 
[3]  S. Hemette, J. Cayer-Barrioz, D. Mazuyer, Friction setup and real-time insights of the contact under controlled cold 
environment: The KŌRI tribometer for rubber-ice contact application, Review of Scientific Instrument, 2018, 89, 
123903. 
 
－ 382 －
average with the observation that the lower the Tg, the higher the interfacial shear stress. In addition, the  function was 
showed to be the same even when large variations of interfacial shear stress for a same rubber, which may be associated 
to ice variability, between different manufactured ices was observed. 
V. Summary 
Mechanisms arising within the rubber-ice interface depend on the occurrence on the melting of the ice surface. In 
absence of ice surface melting, rubber-ice interface viscoelasticity is dominated by the rubber properties which governs 
the friction. However, the predominance of the rubber viscoelastic properties disappears when the ice surface is melting. 
Strikingly, the melting of the ice surface is independent of the environment temperature and depends on the sliding 
velocity as well as the rubber and ice thermal properties, the contact geometry and viscoelastic properties of the rubber. 
The existence of a dimensionless contact temperature master-curve  was also highlighted. This allowed to give an 
expression of the rubber-ice interfacial shear stress depending on the ice properties, the function , the environment and 
melting temperature, the sliding velocity and the contact size. In addition, ice surface ploughing by silica and carbon 
black agglomerates located on the rubber surface was highlighted. 
References 
[1]  C. D. Dushkin and K. Kurihara, Nanotribology of thin liquid-crystal films studied by the shear force resonance 
method, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 1997, 129-130, pp. 131-139. 
[2]  F. Lecadre, M. Kasuya, A. Harano, Y. Kanno, and K. Kurihara, Low-temperature surface forces apparatus to 
determine the interactions between ice and silica surfaces, Langmuir, 2018, 34, pp. 11311-11315. 
[3]  S. Hemette, J. Cayer-Barrioz, D. Mazuyer, Friction setup and real-time insights of the contact under controlled cold 
environment: The KŌRI tribometer for rubber-ice contact application, Review of Scientific Instrument, 2018, 89, 
123903. 
 
－ 383 －
